Action of Cathepsin C on Dipeptide Esters * by Wiggans, Donald S. et al.
DONALD S. WIGGANS
MILTON WINITZ ~Department of Biochemistry, MILTON WINITZ Yale University
JOSEPH S. FRUTON
ACTION OF CATHEPSIN C ON DIPEPTIDE ESTERS*
In earlier studies"2 on the purification and properties of beef spleen cathepsin
C, it was found that at pH 5 this proteolytic enzyme catalyzes the hydroly-
sis, not only of the CO-NH bonds of sensitive substrates, but also of the
ester linkage of a-L-glutamyl-L-tyrosine ethyl ester. In view of the sub-
sequent finding4 that cathepsin C exhibits pronounced specificity toward
dipeptide derivatives (e.g., glycyl-L-phenylalaninamide [GPA]), but does
not act on related amino acid amides (e.g., L-phenylalaninamide) or tri-
peptide amides (e.g., glycylglycyl-L-phenylalaninamide), it seemed of inter-
est to examine more closely the action of the enzyme upon several dipeptide
esters both at pH 5 and at pH 7.5. Previous work9 had shown that at pH 5
the predominant reaction is one of hydrolysis at the sensitive amide bond of
substrates such as GPA; at pH values near 7.5, the major reaction is one
of transamidation' leading to the synthesis of long-chain polypeptides. Thus,
at pH 7.5, GPA is converted by the enzyme to a polymeric product that
is, on the average, an octapeptide composed of alternating glycyl and
L-phenylalanyl residues.
In Table 1 are given the results of experiments in which several dipeptide
esters were subjected to the action of two preparations of cathepsin C,
kindly provided by Dr. Peter S. Cammarata and Dr. Gabriel L. de la Haba
of this laboratory.t These two enzyme preparations differed in their specific
activity toward GPA; preparation I contained 32.8 cathepsin units per
mg. N, whereas preparation II contained 9.6 cathepsin units per mg. N.t
It will be seen from Table 1 that when equal amounts of enzyme, as
measured by the action on GPA, are used, the two preparations are equally
* This study was aided by grants from the Rockefeller Foundation, from the Ameri-
can Cancer Society (on recommendation of the Committee on Growth of the National
Research Council), and from Eli Lilly and Company.
t Recently, an improved method for the purification of beef spleen cathepsin C has
been developed in this laboratory. The procedure involves autolysis of the tissue at
pH 3.5 and 380, followed by fractional precipitation with ammonium sulfate and with
acetone. The details of the purification method will be presented in a separate
communication.
1 The definition of this unit, and the method for the determination of cathepsin
activity toward GPA, are described in an earlier paper.'2
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effective on the ester analog of GPA, glycyl-L-phenylalanine ethyl ester
(GPE). The fact that GPE or glycyl-L-tyrosine ester (GTE) is hydrolyzed
at approximately the same rate at pH 5 by the two enzyme preparations
may be taken as evidence for the view that these dipeptide esters are attacked
by the same enzyme that hydrolyzes GPA at this pH. This result suggests
TABLE 1. AcTIoN OF CATHEPSIN C ON ESTERS OF PEPTIDES AND OF
AMINO ACIDS
Substrate concentration, 0.05 M; concentration of cathepsin C, 0.4 units*
per ml.; 0.1 M citrate (pH 5.1) or phosphate (pH 7.6) buffer; cysteine
concentration, 0.004 M; total volume, 2 ml.; temperature, 380.
Disappearance of estert
Substrate
Glycyl-L-phenyl-
alanine ethyl
ester
Glycyl-L-tyrosine
ethyl ester
Glycylglycine
ethyl ester
P-Alanyl-L-phenyl-
alanine ethyl
ester
P-Alanyl-L-tyrosine
ethyl ester
Glycine ethyl ester
L-Phenylalanine
ethyl ester
L-Tyrosine ethyl
ester
Time
min.
40
60
120
pH 5.1
Prep. I Prep. II Prep. I
13 18 51§
23 28 56§
35 40 65§
pH 7.6
Prep. II
55§
60§
66§
60 13 18 63 60 27
120 28 37 73§ 71§ 42
20 19 15 42 45 27
60 48 50 62 62 48
120 59 68 66 65 61
120 1 1 0 0 0
120 0 0 3 3 0
240 0 0 14
240 2
240 1
10
10
9
7
7
* Two enzyme preparations of different specific activity were employed. Preparation
I had a specific activity of 32.8 cathepsin units per mg. N, and preparation II had a
specific activity of 9.6 cathepsin units per mg. N, as determined by the rate of
deamidation of glycyl-L-phenylalaninamide.'
t Determined by a modification of the hydroxamic acid method of Hestrin (for
details, see experimental section).
§ A precipitate was present in the incubation mixture.
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No enz.
22
25
38
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that cathepsin C, like several other proteinases (e.g., trypsin, chymotryp-
sin), can act as an esterase at suitable CO-OR bonds, in addition to its
behavior as a peptidase that cleaves CO-NH linkages.
It is worthy of note that the cathepsin C preparation I did not cause
appreciable hydrolysis of L-phenylalanine ethyl ester or of L-tyrosine ethyl
ester under the same experimental conditions as those used for the dipep-
tide esters. This indicates that the action on the dipeptide esters cannot be
attributed to a non-specific esterase. In addition, replacement of the glycyl
residue in GPE or in GTE by a f3-alanyl residue, to give either 8-alanyl-L-
phenylalanine ethyl ester or /3-alanyl-L-tyrosine ethyl ester, prevents the
enzymic hydrolysis of the ester linkage. It would appear, therefore, that the
action of cathepsin C at pH 5 is narrowly restricted to the hydrolysis of
ester or amide bonds of the appropriate derivatives of dipeptides composed
of two a-amino acid residues. This may be taken to imply that, for the cata-
lytic action of cathepsin C on one of its substrates, the free a-amino group
and the carbonyl group of the sensitive ester or amide linkage must be
located in the substrate at a precisely defined distance from each other. To
account for the stereochemical specificity of cathepsin C, which acts only on
the L-isomer of GPA,' it is necessary to assume at least one more point of,
interaction between the substrate and the active group of the enzyme.2
The data in Table 1 also show that at pH 7.6 cathepsin C catalyzes the
formation of an insoluble precipitate when GPE or GTE is used as a sub-
strate. The chemical nature of these products has not yet been established,
but, in view of the earlier findings with dipeptide amides, it is reasonable to
assume that these insoluble precipitates represent long-chain peptides
formed by the enzyme-catalyzed polymerization of the dipeptide esters. In
the absence of cathepsin C, no such precipitates are observed under the
conditions of these studies. It will be seen, however, that at pH 7.6, the
dipeptide esters disappear from the solution even in the absence of enzyme.
This may be attributed to the well-known tendency of such compounds to
form diketopiperazines in alkaline solution. Further studies are required to
establish the extent to which diketopiperazine formation is a factor in the
enzymic experiments at pH 7.6. It may be added that at pH 5, in the
absence of cathepsin C, no disappearance of ester was noted during the time
period used in the enzymic studies.
The dipeptide esters containing a 18-alanyl residue, and the amino acid
esters, which were resistant to enzymic hydrolysis at pH 5, also were not
significantly affected by cathepsin C at pH 7.6. The slow disappearance of
the amino acid esters at pH 7.6 may be attributed to diketopiperazine
formation.
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It was a source of some surprise to find that glycylglycine ethyl ester
(GGE) is an excellent substrate for cathepsin C at pH 5, and that some
insoluble material was slowly formed at pH 7.6, although at the more
alkaline pH value there was extensive diketopiperazine formation. The
fact that both cathepsin C preparations attacked GGE at approximately the
same rate at pH 5 suggests that this substance is hydrolyzed by the same
enzyme that cleaves GPA and GPE and indicates that the side chain
specificity of cathepsin C is not restricted to the aromatic side chains of
phenylalanine and tyrosine.
In view of the result with GGE, a study was made of the action of
cathepsin C on glycylglycinamide (GGA). It will be seen from Table 2 that
GGA is deamidated by the enzyme at pH 5, although the rate of this reac-
tion is extremely slow when compared with the action on GPA. When
cathepsin C acts on GGA at pH 7.6, there is also observed a slow deamida-
tion, but this is accompanied by the appearance of an insoluble precipitate,
presumed to be a polymer formed by enzyme-catalyzed transamidation.
This conclusion is supported by the fact that the extent of the reaction at
20 hours, as measured by the hydroxamic acid test, is greater than the
extent of disappearance of amino-N. Further studies are required to
establish more definitely the nature of the insoluble product, but it should
be noted that its formation is not observed in the absence of cathepsin C
and that there is negligible deamidation under these conditions.
It should be added that earlier experiments with crystalline chymotrypsin'
had shown that this enzyme causes a slow cleavage of GGA, and it will be
of interest, therefore, to examine the action of this enzyme on GGE.
Earlier studies had shownl' that at pH 5 partially purified cathepsin C
acts on L-phenylalanylglycinamide (PGA) or L-tyrosylglycinamide (TGA),
but much more slowly than on GPA or on glycyl-L-tyrosinamide (GTA).
These earlier data, when added to the results reported in the present com-
munication, justify the conclusion that although cathepsin C is narrowly
restricted in its action with respect to its "backbone specificity,"' the
enzyme exhibits relative specificity with respect to the nature of the amino
acids present in the dipeptide amide or ester. Since the dipeptide amides
appear to be attacked less readily than are the corresponding dipeptide
esters, as shown by a comparison on the rates of hydrolysis of GGE and
GGA at pH 5, the relative "sidechain specificity" is more evident for a
series of dipeptide amides than for a series of dipeptide esters. Thus, the
fact that GPA or GTA is attacked more rapidly by cathepsin C than is
GGA, PGA, or TGA indicates that the enzymic action is favored by the
participation of an aromatic amino acid in the sensitive CO-NH linkage.
14
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This relative specificity tends to be obscured when the cathepsin C acts on
dipeptide esters such as GGE, GPE, and GTE, all of which are rapidly
cleaved by the enzyme.
To the various dipeptide amides now known to undergo polymerization
reactions in the presence of cathepsin C at pH values near 7.5 may be added
L-seryl-L-phenylalaninamide (SPA) and L-seryl-L-tyrosinamide (STA).
As will be seen from Table 2, these two compounds are deamidated at pH 5
without the appearance of insoluble products, whereas at pH 7.6 there is
very rapid appearance of such precipitates. In view of the earlier results'
TABLE 2. ACTION OF CATHEPSIN C ON DIPEPTIDE AMIDES
Substrate concentration, 0.05 M; concentration of cathepsin C,* 0.4 units
per ml.; 0.1 M citrate (pH 5.1) or phosphate (pH 7.6) buffer; cysteine
concentration, 0.004 M; total volume, 2 ml.; temperature, 38°. Unless other-
wise stated, the extent of the reaction was measured by means of ammonia
determinations.
Extent of reaction
pH 7.6
Substrate Time pH 5.1 with enz. no enz.
hrs. So % %
Glycylglycinamide 1 2t 2t it
4 6t 6t(3§) it
20 54t 49t (21§) 3t (4§)
L-Seryl-L-phenyl- 1 15 22t 0
alaninamide 2 27 28 1
4 38 29 1
L-Seryl-L-tyrosin- 1 15 23: 0
amide 2 25 25 0
4 34 27 0
Carbobenzoxy-L- 4 0 0
seryl-L-phenyl-
alaninamideif
Carbobenzoxy-L- 4 0 0
seryl-L-tyrosin-
amide¶
* Specific activity, 32.8 cathepsin units per mg. N.
t As measured by the modified hydroxamic acid method (for details, see experi-
mental section).
§ As measured by the Van Slyke nitrous acid method.'°
t An insoluble precipitate had appeared in the incubation mixture by this time.
1T This substrate was tested at 0.025 M in the presence of 30% ethanol.
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on the enzyme-catalyzed polymerization of dipeptide amides, it is justifiable
to conclude that these insoluble products represent polymeric peptides
formed by transamidation. Studies are in progress to determine the chain
length of these polymers and to effect substitution at the side chains of the
component amino acid residues.
It will also be noted from Table 2 that the carbobenzoxy derivatives of
SPA and of STA are not attacked by cathepsin C either at pH 5 or at
pH 7.6. This result is in accord with the earlier conclusions concerning the
specific requirement, by cathepsin C, for a free a-amino group in the
dipeptide derivatives that it attacks.
DISCUSSION
The demonstration that animal tissues such as beef spleen contain an
enzyme that catalyzes the polymerization of dipeptide units to form long-
chain peptides raises the question whether this enzyme plays any physiologi-
cal role in the elongation of peptide chains during the biosynthesis of pro-
teins. Although no evidence is available at present for or against this
possibility, it should be emphasized that cathepsin C is the first well-defined
enzyme shown to catalyze the formation of long-chain peptides under
physiological conditions of pH and of temperature. It appears likely that
other intracellular proteinases of animal tissues will be found to cause
similar polymerization reactions. The fact that not only dipeptide amides,
but also dipeptide esters are substrates for cathepsin C suggests the possi-
bility that compounds of the latter type may be intermediates in protein
synthesis. It will be important to test these working hypotheses by the
administration of suitably labeled dipeptide derivatives to biological systems
in which protein is being synthesized.
For further progress in the understanding of the mode of action of
cathepsin C, a highly purified preparation of the enzyme is needed. Work
toward this end is in progress in this laboratory; the availability of a
homogeneous enzyme preparation will permit a more precise study of the
kinetics and the specificity of cathepsin C. It will be of special interest to
examine the manner in which such an enzyme preparation attacks protein
substrates, since it may be expected that at pH 5 the cleavage of proteins
should lead to the formation of dipeptides in a manner resembling the action
of 83-amylase in releasing maltose units from an amylose chain.
The polymeric products obtained thus far by the action of cathepsin C on
dipeptide derivatives are insoluble in water. Experiments are currently in
progress to convert some of these products to soluble polypeptides by chemi-
cal treatment (e.g., phosphorylation of the L-seryl-L-phenylalanyl polymer).
16
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Such soluble polypeptides will be of value as possible model substrates for
proteinases and for other enzymes; it will also be of interest to examine
their behavior in various biological systems.
EXPERIMENTAL
Measurement of extent of reaction. The procedure used to follow the disappearance
of ester is based on the hydroxamic acid method of Hestrin,6 and was conducted as
follows. Each of two 0.1 ml. samples of the incubation mixture was diluted with 2 ml.
of a 1:1 mixture of 3.5 N NaOH and of 2 M hydroxylamine hydrochloride. After four
minutes at room temperature, there were added, with shaking, 1 ml. of 4 N hydro-
chloric acid and 1 ml. of 0.74 M FeClh in 0.1 N hydrochloric acid. The transmission of
the red solution was read in a Bausch and Lomb photoelectric colorimeter, using a
550 m,u filter. A blank solution was prepared with 0.1 ml. of water and the above
reagents. For each ester, a standard curve was prepared, relating light transmission to
concentration of ester, thus permitting the calculation of per cent disappearance of
ester in the enzyme experiments.
It was found that the above method could also be used to follow the disappearance
of GGA during the action of cathepsin C. With this amide, however, it is necessary to
incubate the 0.1 ml. sample with the alkaline hydroxylamine solution for a longer time
period. In the determinations reported in Table 2, the hydroxamic acid formation was
allowed to proceed for 25 minutes at 37°. In addition to the use of the hydroxamic acid
method, the disappearance of GGA was also followed by means of the Van Slyke
nitrous acid method, as modified by Kendrick and Hanke.10
The action of cathepsin C on SPA, STA, and their carbobenzoxy derivatives was
followed by measurement of the extent of ammonia liberation in Conway micro-
diffusion vessels.8
Glycyl-L-phenylalanine ethyl ester hydrochloride. 2.0 gm. of the corresponding
carbobenzoxy compound7 were hydrogenated in ethanol in the presence of palladium
black and 1.2 equivalents of concentrated hydrochloric acid. After hydrogenolysis, the
mixture was filtered, and the filtrate was concentrated in vacuo to yield 1.4 gm. of
crystals; [a]' + 7.20 (2% in water).
D
C6H1903N2Cl Calculated C 54.4, H 6.7, N 9.8
286.8 Found C 54.2, H 7.0, N 9.6
Glycyl-L-tyrosine ethyl ester acetate. This compound was prepared from 2.0 gm. of
the corresponding carbobenzoxy compound1 in the same manner as above, except that
glacial acetic acid was used in place of hydrochloric acid. Yield 1.5 gm.; [a]'9 + 16.2
D
(2% in water).
C15H=OeN2 Calculated C 55.2, H 6.8, N 8.6
326.3 Found C 55.0, H 7.0, N 8.3
/3-Alanyl-L-phenylalanine ethyl ester hydrochloride. Carbobenzoxy-15-alanine (2.2
gm.) was dissolved in a mixture of 25 ml. of methylene chloride and 1.7 ml. of tri-
ethylamine. The mixture was cooled to -3° for 15 minutes, and then 1.1 gm. of ethyl-
chlorocarbonate was added. After a further 30 minutes at -3, there was added a
chilled solution of 2.3 gm. of L-phenylalanine ethyl ester hydrochloride in a mixture of
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25 ml. of methylene chloride, 10 ml. of chloroform, and 1.7 ml. of triethylamine. The
reaction mixture was stirred continuously for four hours at room temperature and
allowed to stand overnight. Water (50 ml.) was added, and the methylene chloride-
chloroform layer was washed successively with dilute bicarbonate, dilute hydrochloric
acid, and water. The organic solvent layer was dried over Na2SO4 and concentrated
in vacuo to yield 4 gm. of crystals, which melted at 69-70° after recrystallization from
ethyl acetate-petroleum ether. Calculated for C22HWsON2 (398.4), N 6.9; found, N 6.7.
This carbobenzoxy compound (2.0 gm.) was hydrogenated in the usual manner in the
presence of 1.2 equivalents of concentrated hydrochloric acid. Yield, 1.5 gm.; calculated
for C14HOo8N2Cl (300.8), N 9.3; found N 9.1.
,8-Alanyl-L-tyrosine ethyl ester hydrochloride. This compound was prepared in the
same manner as the phenylalanine analog. The yield of the carbobenzoxy compound
was 4.0 gm.; m.p., 138-139°; calculated for C22H2sOeN2 (414.4), N 6.8; found, N 7.0.
Upon hydrogenation of 2 gm. of the carbobenzoxy compound, 1.2 gm. of the desired
product was obtained. Calculated for C14Ha2ON2Cl (316.8), N 8.8; found, 8.5.
Glycylglycinamide acetate. This compound was prepared in the manner described
previously.8
L-Seryl-L-phenylalaninamide hydrochloride. 1.75 gm. of carbobenzoxy-L-serinhydra-
zide was converted to the azide and coupled with L-phenylalanine ethyl ester (from
1.6 gm. of the hydrochloride) in the manner described previously.! The resulting
syrupy ester was treated with ammonia in methanol to give 1.4 gm. of the carbo-
benzoxydipeptide amide; m.p., 1890; calculated for C2oH=aONa (385.4), N 10.9; found,
10.9. Hydrogenolysis in the presence of 1.2 equivalents of hydrochloric acid gave the
desired product; [a]' + 26.7° (2% in water).
C12H.U0sNsC1 Calculated C 50.1, H 6.3, N 14.6
287.7 Found C 50.3, H 6.5, N 14.4
L-Seryl-L-tyrosinamide hydrochloride. This compound was prepared in the same
manner as the phenylalanine analog. The carbobenzoxydipeptide amide melted at 200°;
calculated for C80H13O0Ns (401.4), N 10.5; found, N 10.7. The dipeptide amide hydro-
chloride had a specific rotation of [a]' + 30.0° (2% in water).
D
Ca2H1O84NsCl Calculated C 47.5, H 6.0, N 13.8
303.7 Found C 47.8, H 6.0, N 13.8
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